Although the visual cortex is organized retinotopically, it is not clear whether the cortical representation of position necessarily reflects perceived position. Using functional magnetic resonance imaging (fMRI), we show that the retinotopic representation of a stationary object in the cortex was systematically shifted when visual motion was present in the scene. Whereas the object could appear shifted in the direction of the visual motion, the representation of the object in the visual cortex was always shifted in the opposite direction. The results show that the representation of position in the primary visual cortex, as revealed by fMRI, can be dissociated from perceived location.
When a stationary window or envelope is filled with a moving pattern, the position of the envelope can appear shifted in the direction of the internal motion (1, 2) . The magnitude of the illusion is shown in Fig. 1 (3) (4) (5) (6) . Figure 1 , A and C, shows two stimulus conditions presented in an fMRI experiment to determine whether the perceived position of an object is reflected by activity in the visual cortex. In each condition there were four patterns, which were always in the same physical location at all times. The patterns contained motion toward (Fig. 1A ) or away from (Fig. 1C ) the fovea, causing the patterns to appear shifted toward (Fig. 1B) or away from (Fig. 1D ) the fovea, respectively. In two additional conditions (7) , the four patterns were flickering or stationary, providing a baseline (8) . Figure 2A shows the regions in the right hemisphere of one subject that were activated by the patterns containing inward versus outward motion. (Figure 2B shows an expanded view.) Because the patterns and the motion-defined edges (9, 10) in the two conditions (Fig. 1, A and C; Fig. 2 , C and D) were in precisely the same retinal (physical) locations at all times, the activation should have been retinotopically identical for both conditions. However, there was a displacement in the activation for each condition; the inward and outward motion conditions produced two distinct regions of activation. When the two conditions were subtracted (inward minus outward) (Fig. 2C) , there was significant peripheral activation. Subtracting the two conditions in the opposite order (Fig. 2D ) produced activation that was closer to the occipital pole.
The pattern of activation in Fig. 2B is counterintuitive. Patterns that contained inward motion were perceived to be closer to the fovea, yet the peak activity in the visual cortex for this condition was more eccentric (orange activity in Fig.   2B ). This result seems impossible at first sight. A stimulus that appears more eccentric should be, and normally is (11) (12) (13) (14) , represented in a more anterior location in the cortex. We thus conducted a control experiment in which flickering (nondirectional motion) patches were presented at locations corresponding to the perceived locations of the stimuli in experiment 1. In two separate conditions, we presented flickering patterns at two different eccentricities and then compared activation for those two states (Fig. 2E) . When the flickering patterns were located closer to the fovea, the peak activation was closer to the occipital pole; when the flickering patterns were located more eccentrically, the peak activation was located in a more anterior position (Fig. 2E and fig. S2 ). The pattern of activation shown in the first experiment (Fig.  2B) is therefore a nearly perfect reversal of retinotopy: Each subject perceived the patterns in one position, but their visual cortex represented the patterns as being in a different location. Figure 3B shows the event-related averages of seven subjects for the orange patches of activation, where the inward motion response was dominant. Figure 3C shows the event-related averages for the blue patches of activation, where the outward motion response was dominant. Figure S1 shows individual subjects' results.
To ensure that there is no systematic bias in the response to inward compared with outward motion, Fig. 3E shows the event-related average of all seven subjects for the condition in which the patterns were flickering rather than containing motion in any direction (Fig. 3D and fig. S3 ). Because the event-related averages (Fig. 3E) for each of the stimulus conditions were virtually identical, there was no bias in the response to inward or outward motion over the region as a whole. This is consistent with the fact that sensitivity to motion direction does not systematically vary as a function of eccentricity (15) (16) (17) .
If the eye, head, or body moves, the retinotopic location of a stimulus can be altered. The difference in activation found in the first experiment (e.g., Fig. 2B ), however, cannot be due to these movements. The stimuli in the first experiment were stationary patterns that contained inward or outward motion and generated activation that was shifted either toward or away from the occipital pole [systematically in both hemispheres (8)]. Because the activation shifted only in eccentricity, and the eye cannot expand or contract, the results cannot be due to eye movements. Also, the head was immobilized in the experiment, and no motion artifacts were *To whom correspondence should be addressed: e-mail: dvw@uwo.ca found in the data. Another benefit of using a moving pattern enveloped by a stationary window is that the envelope-the stimulus as a whole-never changes position; it is physically stationary. Therefore, activation that differs between the two experimental conditions (e.g., Fig. 2B ) cannot be due to temporal differences in the fMRI blood oxygen leveldependent (BOLD) signal.
Spatially localized attention (18, 19) might be responsible for the above results. However, this is unlikely. The pattern containing inward motion, for example, appeared more foveal and would, if anything, lead observers to attend more centrally. Yet, the activation produced in this condition was predominantly more eccentric, opposite that expected if spatially selective attention had generated the results.
Another possibility is that subjects attended to the origin of motion within the patterns. If for some reason the onset or origin of motion were of more interest or salience, subjects might selectively attend to this region of the visual field. In a control experiment, subjects continuously performed a difficult task at the fixation point ( fig. S7) . Although the task was difficult (average accuracy ~73%), the pattern of activation in this experiment was identical to that in the first: Peak fMRI activity occurred not where the patterns were retinotopically located, but closer to the trailing edges of the moving patterns. Spatially localized attention therefore fails to explain the results.
Perhaps subjects attentionally tracked (20, 21) one of the moving bars as it passed through the stationary envelope of the pattern. In this case, observers may have attended to the origin of the moving pattern to choose a moving bar to track. We thus conducted a control experiment in which the patterns contained gratings that moved at ~10 Hz (8) . Attentional tracking is impossible at such high temporal frequencies (22) , yet the pattern of activation in the visual cortex remained the same.
Why does an object that appears shifted toward the fovea generate activity that is more eccentric? Why did the activity we found correlate precisely with what subjects did not perceive? Clearly, the location that is assigned to an object in the visual cortex is not simply shifted in the direction of its motion, despite the existence of mechanisms, at least in the retina, that subserve this role (23) .
The peak activation that we found occurred at the trailing edge or origin of motion in the patterns. Because it is known that there are mechanisms that operate selectively at such trailing edges (24-28)-to deblur (29) or suppress visual responses, for example-an intriguing possibility is that the activity we measured is the result of a related process, perhaps akin to deblurring, masking, or persistence reduction, that operates more strongly on the trailing edges of moving objects.
If the increased activation that we measured is the product of a mechanism that operates more strongly on the trailing edge of the pattern, then we might expect a reduction in the visibility of the trailing edge. This should cause a compression in the apparent size of the pattern as a whole, as well as a distortion in the apparent luminance distribution of the pattern. In two additional experiments, we measured the perceived position and contrast of both the trailing and leading edges of the patterns containing motion (figs. S4 and S5). The trailing edge of the pattern was perceptually shifted (or compressed) in the direction of motion more dramatically than was the leading edge. The apparent contrast was also reduced more strongly at the trailing edge than at the leading edge of the pattern. These results are consistent with some visual illusions (25, 30, 31) . They also partially explain why the perceived positions of the patterns in our first experiment appeared to be shifted in the direction of motion: Because the contrast of the trailing edge is perceptually reduced, the midpoint of the pattern as a whole appears displaced toward the leading edge.
If there is a mechanism that operates more strongly near the trailing edges of patterns that contain motion, then, in addition to a reduction in the perceived contrast, we might also expect a difference in the nature of the perceived motion that occurs at the trailing and leading edges. We examined this possibility by presenting flickering (directionally ambiguous) gratings at the trailing and leading edges of the patterns containing motion ( fig. S8 ). Although there was no net motion in the flickering stimuli, observers perceived the flickering gratings to move in a direction opposite that of the coherent motion within the pattern. This illusory motion was stronger near the trailing edge of the moving pattern, revealing an imbalance in motion processing at the trailing and leading edges.
In the first experiment, the patterns containing motion were blurry (Fig. 1) . However, if there is a mechanism that operates more strongly at the trailing edge or origin of motion in these patterns, it should operate whether or not the patterns are blurry. We thus conducted an experiment identical to the first, except that the patterns were given a hard aperture rather than a blurry luminance profile (Fig. 4A) . The illusory position shift is reduced or eliminated in these sharp-edged patterns (1, 2) . The pattern of activation, however, was identical to that in the first experiment (Fig. 4A) . Therefore, the pattern of activation is not specific to a visual illusion, but to the trailing edges or origin of the motion.
If there is a mechanism that selectively operates on the trailing edges of moving patterns, it should operate irrespective of whether a shift in the position of the pattern is perceived: This is precisely what we found. The bias in the retinotopic representation of the pattern is consistent in both this experiment and the first one. The peak activity always occurred near the trailing edge, no matter where the patterns were perceived (compare Figs. 2 and 4) . Clearly, activity in the visual cortex, as revealed by fMRI, does not necessarily correlate with shifts in perceived position.
All of the stimuli described thus far have been symmetrically moving patterns-either toward or away from the fovea. Is it possible that the optic flow in these stimuli was responsible for the results? In an additional experiment, using stimuli that did not contain expanding or contracting optic flow, we presented segments of a windmill pattern that moved either toward or away from each other (Fig. 4B and  fig. S6 ). Although there is no clear optic flow in this stimulus, the pattern of activation was identical to that in the previous experiments: Peak activation always occurred near the trailing edge of the moving patterns.
The experiments presented here clearly demonstrate that the representation of position, even in early visual cortical areas such as V1, depends on motion signals that are present in a scene. The imaging and psychophysical results revealed a mechanism that operates selectively on the trailing edges of moving stimuli. More important, the results demonstrated a clear dissociation: fMRI activation did not correlate with what subjects perceived, showing that the BOLD response is not a necessary correlate of perception. 1E ). When flickering patterns were closer to the fovea, activation was more posterior. Flickering patterns located more eccentrically produced activation that was more anterior. The cortical separation between the inner and outer patches of activation (orange and blue, respectively) is comparable to the separation between the patches shown in (B). Error bars, ±1 SEM. Fig. 3 . Results of the first experiment for seven subjects, averaged. (A) Surface map of one subject [different from the subject in Fig. 2B (8) ]. (B) Event-related averages for the regions that produced significantly greater activation for inward compared with outward motion (orange activity on representative surface map). There was a significant difference at each of the sampling times during which the stimulus was present (least significant difference was at 2 s, P < 0.01). (C) Event-related averages for the regions that produced significantly greater activation for outward compared with inward motion (blue activity on representative surface map). The overall difference was significant (P < 0.0001). (D) Activation produced by the flickering patterns alone. The activity in (A) overlapped the activity produced in the flickering condition. (E) Event-related average for the entire region of interest [orange in (D)]. There is no difference in the event-related activity for the three conditions (inward motion, outward motion, and flickering, P > 0.05) for this region of interest as a whole. Error bars, ±1 SEM. 
